ABSTRACT The effects of sample thickness (0.5, 1.0, and 1.5 cm), background color (white, pink, green, and gray), and illuminant (D-65, A, and F) on color measurement of broiler tissue were determined. Color values from the anterior portions of the two Pectoralis superficialis muscles were not different from each other, allowing one to be used as a control for the other. Light penetrated the thinner posterior portions of the muscle and was reflected by the white background, producing different L*, a*, and b* values when compared to the thicker anterior portion of the muscle. These changes could alter or mask color changes in the tissue. Light penetrated 0.5 cm thick sliced breast, ground breast, and ground thigh samples and was reflected by the background in large enough quantities to cause color
INTRODUCTION
The use of color to measure the effects of chemical and physical changes in poultry meat and meat products has become increasingly popular. Mugler and Cunningham (1972) published a review of factors that affect poultry meat color and illustrate the use of instrumental color measurements. In recent years, color measurements have been made on poultry meat under a variety of conditions and on various sample forms. Color was determined on broiler meat after stunning with different amperages (Papinaho and Fletcher, 1995) , different methods of stunning (Hillebrand et al., 1996) , and different stunning times and added phosphates (Young et al., 1996) . Lyon and Cason (1995) measured bruise color on whole carcasses to determine the effects of chilling. Surface color of the P. major was used to characterize color in skinless boneless pale chicken breast by Boulianne and King (1995) . The effects of 2 Present address: Kalsec Inc., P. O. Box 50511, Kalamazoo, MI 49005. 3 To whom correspondence should be addressed. differences (P < 0.05) when both sample thickness and background colors were compared. White and pink backgrounds reflected the largest amount of light, followed in decreasing order by green and gray. The light reflected by background decreased as sample thickness increased from 0.5 to 1.0 cm and no differences due to reflection occurred in the 1.5 cm thick samples. Background reflection can prevent measurement of true sample color. The three illuminants produced different (P < 0.05) color values depending on the major wavelength characteristics of each illuminant. Illuminant choice should depend on wavelength characteristics of the illuminant, sample color, and the color values to be measured.
1996 Poultry Science 75:1437-1442 refrigerated storage, pH adjustment, and marinade on color of raw and cooked patties and fillets were determined by Yang and Chen (1993) . Dawson et al. (1995) evaluated drumstick surface color through the package with package reflectance subtracted out instrumentally. Effect of cooking temperatures, cooling temperatures, and storage on color were evaluated on chicken cooked and stored in polyester pouches (Heath and Owens, 1992) . Yang and Froning (1992) used color as one factor to evaluate changes in mechanically deboned chicken meat following washing and screening. Color was determined after supercritical CO2 extraction of dehydrated chicken meat (Froning et al., 1994) . Pink discoloration in sliced turkey rolls were evaluated using color measurements to determine effects of cooking, chilling, and storage in the presence of nicotinamide (Claus et al., 1994) and after adding nonfat dry milk to inhibit the color change (Dobson and Cornforth, 1992) . Most of these measurements were made using color difference techniques in which color is compared to a standard.
Measurement of absolute color with a scanning spectrophotometer is not used as frequently as color difference in studies with poultry meat. The spectrophotometer technique gives the researcher the ability to measure absolute color of the sample with a high degree of accuracy (Giese, 1995) . The need for accurate (Key words: color measurement, breast, thigh, sample background, sample thickness) 1437 measurement techniques make this instrument popular for laboratory measurement of color when comparison to a standard is not appropriate and when small differences are important, such as when monitoring the results of chemical changes.
Usually, measurement of color in poultry tissue is concerned with the amount and wavelengths of light reflected from the sample to the instrument. According to basic color measurement principles, the amount of light reflected depends partially on the amount absorbed, the amount penetrating through the sample, and amount reflected by any background used behind the sample (Billmeyer and Saltzman, 1981; Galloway, 1991) . Proper experimental designs and the ability to interpret color data are dependent on having knowledge of how and to what degree these factors will affect color measurement. No research was found that quantified the effects of these variables on color measurement of poultry meat.
The objective of this study was to provide information on the effects of sample thickness, tissue characteristics, background color, and illuminant on the amount and color of light reflected by broiler tissue. This research will provide basic information that can be used in designing experiments for which absolute color measurement is desirable.
MATERIALS AND METHODS

Samples
Mechanically deboned Pectoralis superficialis and handdeboned Illiotibialis and Quadriceps femoris muscles from 49-d-old broiler chickens were obtained from a commercial processing plant. Bruised, blistered, or irregularly shaped samples were removed, the remainder were stored in plastic bags (oxygen permeability of 1 cc/645.2 cm 2 /24 h at 1 arm air at 25 C) over night at 4.5 C.
Color Measurement
Color measurements were made using a Model CS-5, 4 dual beam scanning spectrophotometer in the visual spectrum from 400 to 700 nm at 10-nm intervals (± 0.05). Data produced by the instrument were the average of three readings taken at the same location. Instrument calculated repeatability and accuracy of data generated by the CS-5 Chroma Sensor were ± 0.05 and + 0.3 nm, respectively. Specular reflectance, light reflected at an angle equal to the angle of incidence (Billmeyer and Saltzman, 1981) , was included in the instruments program. Specular reflectance added approximately 4% to the percentage reflectance of the sample at any wavelength. Port size was 32 mm in diameter and a 10° visual field was used in all measurements. The illuminants used and their color temperatures were D-65 (6504 K), A (2866 K), and F (4200 K), representing average daylight, incandescenttungsten, and three band fluorescent, respectively. The D-65 was chosen over illuminant C because it is more powerful in the shorter wavelengths (400 to 500 nm). The CS-5 was calibrated prior to each daily operation and recalibrated every 4 h if extended use was required. An optically inactive glass cover slip was used to cover the reflectance port to prevent the sample from "pillowing" into the integrating sphere. The background tiles were Hunter 5 standard white (6550), pink (6551), green (6552), and gray (6555). Between each color measurement, the coverslip was cleaned using clear glass cleaner followed by a distilled water rinse. Samples were held at 4.5 C prior to color measurement. Color measurement of each sample took approximately 30 s to perform.
The CIELAB color space model (CIE, 1978) was chosen to numerically describe color. Lightness (L*) is the amount of incident light that a surface reflects; positive a* values represent red and negative a* values represent green; positive b* values represent yellow and negative b* values represent blue (CIE, 1978) .
Experiment 1
Pectoralis superficialis muscles were removed from 60 whole broiler breasts to provide 120 paired samples. Each uncooked muscle was cut at a 90° angle to the longitudinal axis of the muscle to produce anterior and posterior portions of equal lengths. Samples (16 cm 2 ) were cut from the center of each portion using a template to provide equal surface area. Sample thickness, measured after the samples were cut to size, was the same as muscle thickness. The L*, a*, and b* color values were measured on each sample. Illuminants D-65, A, and F were used and the mechanism used to hold the sample against the viewing port on the CS-5 provided a white background.
The main effects of location (anterior and posterior) and side (left and right P. superficialis) were tested for statistical significance (P < 0.05) by ANOVA using the General Linear Models procedure and means were separated using Duncan's multiple range test (SAS Institute, 1985) . Statistical analyses were conducted on color values from each illuminant separately to facilitate interpretation because illuminant by location and illuminant by side interactions were found to be significant by the initial statistical analysis. Color values from 20 samples were used to calculate each mean. The experiment was replicated.
Experiment 2
Sliced Muscle. Pectoralis superficialis muscles were sliced longitudinally with a meat slicer to provide samples that were 0.5,1.0, and 1.5 cm thick. The first slice included the exterior surface of the muscle and was discarded. Samples with a 16 cm 2 surface area were dissected from the anterior portion of each slice. White, pink, green, and gray background tiles were used with each of the three thicknesses and L*, a*, and b* color values were measured using illuminant F. The study was replicated.
The main effects of study (2), sample thickness (3), and background color (4) were statistically analyzed by ANOVA using the General Linear Models procedure and significantly (P < 0.05) different means were separated with Duncan's multiple range test (SAS Institute, 1985) . Each mean was calculated from measurements made at one location on 15 different samples.
Ground Muscle. Light-colored (P. superficialis) and dark colored (Illiotibialis and Q. femoris) muscles were ground and formed into patties. The muscles were passed through a meat grinder 6 fitted with an extrusion plate with 3-mm diameter holes. The ground samples were mixed with a spatula for 1 min to create a homogeneous mixture. The meat was formed into patties 0.5,1.0, and 1.5 cm thick by placing 10,15, and 20 g of the ground meat in a 4.5-cm diameter glass dish. A 500-g balance weight was placed on the ground tissue for 30 s to flatten the patties and provide equal compression. The light and dark meat patties were statistically analyzed separately. The remainder of the experiment and statistical analyses were conducted as described for the sliced tissue study.
Experiment 3
Pectoralis superficialis muscles were cut longitudinally to produce 1.5 cm thick slices. A sample was taken from the anterior end of each muscle slice and the sample was used to compare L*, a*, and b* values produced by illuminants D-65, A, and F. White (6550) and gray (6555) backgrounds were used to give maximum and minimum reflectance, respectively, of any light that penetrated the 6 Kitchenaide Model K-45, Hobart Manufacturing Co., Troy, OH 44859.
samples. The main effect of illuminant was analyzed using the General Linear Models procedure and the means for each background were separated with Duncan's multiple range test (SAS Institute, 1985) . Each mean was calculated from one location on 20 different samples.
RESULTS AND DISCUSSION
Experiment 1
Color values of left and right P. superficialis muscles were not different when illuminants D-65, A, and F were used (Table 1 ). The posterior portion of the P. superficialis had larger L* and a* values than the anterior portion when each of the three illuminants were used. The posterior portion had larger b* values when compared to the anterior portion from the same muscle for each illuminant.
The mechanism used to hold the muscle sample against the viewing port provided a white background that reflects all wavelengths. The thinner posterior portion of the P. superficialis allowed more light to penetrate the sample and be reflected back to the instrument than the thicker anterior portion of the muscle. This procedure would allow reflection from the background to influence color values from the posterior portion of the muscle and possibly alter or mask color changes in the tissue. This explanation is supported by Connelly (1983) , who stated that measured reflectance will contain an unknown contribution from the background if the sample is not opaque.
Experiment 2
Sliced Muscle. Background color and sample thickness were varied to determine their effect on color values of P. superficialis samples in two studies. The two studies were not different (P < 0.05) from each other and were combined for presentation in Table 2 (n = 30). The main a_c Means in rows with no common superscript differ significantly (P < 0.05) (n = 30). w_z Means in columns for each color variable with no common superscript differ significantly (P < 0.05). JColor space coordinates: L* is the perceived amount of light reflected by the sample, a* defines the red/green axis, and b* defines the yellow/blue axis.
2 Hunter standard tiles: White = 6550, Pink = 6551, Green = 6552, and Gray = 6555.
effects of background color and sample thickness caused significant (P < 0.05) differences in the color values.
Because of a significant (P < 0.05) interaction between background color and sample thickness for each color measurement, the two main effects were analyzed separately to facilitate interpretation. Light penetrated the 0.5-cm samples and was reflected back to the instrument by the background tiles ( Table 2) . The white background produced the largest L* value followed in descending order by pink, green, and gray backgrounds. Increasing sample thickness to 1.0 cm reduced reflection by the background and only white and gray tiles produced L* values that were different from each other. Light did not penetrate the 1.5-cm thick samples and no differences attributable to background were found. Only the white and pink backgrounds produced differences attributable to sample thickness when the 0.5-cm samples were compared to the 1.0-and 1.5-cm samples.
White and pink backgrounds did not differ from each other and both produced a* values that were larger than those from the green and gray backgrounds at each sample thickness (Table 2) . Pure white reflects all wavelengths equally and the lack of difference between the white and pink backgrounds was probably due more to illuminant characteristics than to background. The green tile had an a* value of -12.0 (Table 2), indicating that it reflected green, which is measured on the opposite end of the red-green axis from red. As expected, the gray background produced a* values that were smaller for the 0.5-cm samples than for samples of the other two thicknesses, because the background absorbed red wavelengths. Increased sample thickness decreased a* values when the white and pink backgrounds were used and did not affect the color value when the green background was used. Increasing sample thickness from 0.5 to 1 and 1.5 cm caused increased redness values when the gray background was used, because increased thickness of the tissue reflected more of the red wavelengths back to the instrument before they penetrated through the sample and were absorbed by the background.
Background color and sample thickness affected b* values ( Table 2) Ground Muscle. A significant (P < 0.05) interaction was found between background color and sample thickness for a* and b* values for both breast and thigh samples (Table 3) . No effect attributable to background color or sample thickness was found when L* values were examined for either ground breast or thigh samples. This result differs from that for sliced muscle in Experiment 2, in which significant L* value differences were found attributable to background color. A 400 to 700 nm spectral scan at 10-nm intervals of breast patties (n = 5) showed significant patty thickness (0.5, 1.0, and 1.5 cm) by background (white, pink, green, and gray) interactions starting at 600 nm and continuing through 700 nm.
It was apparent that light penetrated the 0.5-cm breast patties and was reflected back by the white and pink backgrounds, because increasing patty thickness to 1.0 cm reduced a* values. Increased a* values were found when patty thickness was increased from 0.5 to 1.0 cm and the gray background was used. The gray background absorbed light penetrating the thinner sample that would be reflected by the thicker sample. Increasing sample thickness to 1.5 cm produced no further change in a* values. No change attributable to patty thickness was found when the green tile was used. The a* values from thigh patties were not affected by sample thickness, although some light penetrated the samples, as evidenced by the gray background producing lower a* values than the white and pink backgrounds.
Ground breast b* values decreased when the white background was used and increased when the green and gray backgrounds were used and patty thickness was increased from 0.5 to 1.0 cm. Increasing patty thickness from 1.0 to 1.5 cm produced no additional change in b* values. The 0.5-cm patties with the white background had the largest b* values followed in order by the pink, green, and gray backgrounds. The green background produced the largest a* values in the 1.0-cm thick patties and no differences were found when the white, pink, and gray backgrounds were used.
Thickness of the ground thigh patties was a factor only when the white background was used. The 0.5 cm thick patties had higher b* values than the 1.0 and 1.5 cm patties. Comparing the backgrounds to each other at each patty thickness showed only one difference. The 1.0 cm thick patties with the white background had larger b* values than were measured using the other three backgrounds.
These two studies show that reflection from background can prevent measurement of the true sample color unless some method of preventing or accounting for background contribution is employed. An ideal white will reflect 100% of the incident light and an ideal black will reflect 0%. Background tiles used in this experiment reflected wavelengths from 400 to 700 ran. The preferred solution would be to use a pure black background when background reflection is a problem. If this solution is not available, careful selection of background color based on sample color and the color value of most interest is necessary. No suitable black background was available for this research. The color values of the black backgrounds tested tended to drift with repeated use and cleaning.
Sample thickness will affect sample color even if there is no reflection from background. The thicker 1.5-cm samples will give a more accurate measure of sample color than the thin samples because more light is reflected from the tissue to the instrument.
Experiment 3
The illuminant main effect was significantly (P < 0.05) different when both white and gray backgrounds were iQE illuminants: D-65 = average daylight, A = incandescent/ tungsten, and F = three band fluorescent.
2 Hunter standard tiles: White = 6550 and gray = 6555. 3 Color space coordinates: L* is the perceived amount of light reflected by the sample, a* defines the red/green axis, and b* defines the yellow/ blue axis.
